ABSTRACT An experimental method and apparatus for investigating the interaction mechanism between microwave field and semiconductor material are presented in this paper. The investigation is based on a dual-mode compressed rectangular cavity, which includes the TE 102 and TE 103 modes. The TE 102 mode is used for providing the stimulus signal, which supplies the microwave field during the experiment, and the TE 103 mode is for testing. The two modes are individually coupled to the cavity, and two band-stop filters are introduced to isolate the signals coming from both the modes. A directional coupler is utilized to monitor the power level of the stimulus signal. Experimental results demonstrate that microwave field may affect the inherent characteristics of indium phosphate, a typical kind of semiconductor materials, which eventually leads to the nonlinear behavior of the dielectric property. After the microwave field strength exceeds a critical value, the nonlinear behavior of the microwave materials becomes more and more drastic along with further increasing field strength, and according to the particular experiment setup, we conclude that the nonlinear behavior is not caused by microwave thermal effect, but some inherent characteristics of the material itself. In addition, the experimental method and apparatus can also be employed to predict the consequences of the non-thermal action of microwave effect of other high-power microwave material under microwave field.
I. INTRODUCTION
It is of great importance to get access to the accurate dielectric value of microwave materials for implementing microwave circuits and systems [1] . In particular, the stability of the dielectric property of the microwave materials under a special applied environment directly affects the performances of the microwave circuits and systems. Nowadays, the microwave circuit moves towards miniaturization and integration. Meanwhile, the application of high power microwave technology is covering a lot of areas consistently and rapidly. The above factors result in the significant increase of the microwave field in the microwave substrate materials. Therefore, many microwave researchers have paid their attention to explore the dielectric property of material under strong microwave field [2] - [14] .
The interaction mechanism between microwave field and materials is still unclear, even though microwave heating is considered to be the main contributes. However, a large number of reports have demonstrated the non-thermal effect is definitely exist [3] - [7] . It was demonstrated in [3] that the microwave non-thermal effect can be used to change the structure characteristic of semiconductor materials. An increase in the conductivity of pentacene, a kind of organic semiconductor materials, was found when exposed to ionizing radiation which is a controlled method of doping the organic semiconducting materials [4] . In [5] , the influence of the applied field on the resistivity of 6 H-SiC is explored when the ambient temperature is controlled. When the ambient temperature is less than 450 K, the field influence is relative small, however, when the temperature over 500 K, the field influence increase significantly. In [6] , by applying the microwave field, the rate of organic compounds removal increased twice as much in comparison to the control reactor, but the temperature changes no more than 1.3 • C.
The non-heating effect is proposed to get a much faster chemical reactions rates than the conventional synthesis at the same temperature in [7] .
As one of foundation material for the development of the high power microwave devices, high-speed integrated circuit and optical fiber communication, indium phosphate (InP) has received a widespread attention [15] - [21] . Heavy ion is reported to change the structure of material [19] , which may affect the physical property of the material [20] , [21] and this finally results in catastrophic failures of the devices and finished system. However, with the increasing density of modern circuit and the increasing popularity of high power microwave technology, the field strength around the material is strong enough to arouse the attention of the material designer and user. Contrary to the effect of ionizing radiation on semiconductor materials, much less attention has been addressed to the influence of microwave field radiation [22] - [24] .
The cavity perturbation technique is the most common resonator-based approach for measurements of low loss materials in the microwave band [25] , [26] . In this paper, a dual-mode compressed rectangular cavity is developed to investigate the interaction mechanism between microwave field and semiconductor material. The TE 102 mode is utilized to adjust the strength of microwave field, while the dielectric performance of the tested materials is monitored by TE 103 mode. The variations of the dielectric properties of InP sample is clearly detected in the experiment after the applied microwave field exceeds a critical value. What's more, the tested materials show a significant nonlinear behavior under a larger microwave field. And the dielectric property variation becomes more and more intense with the enhancement of the field.
II. MICROWAVE CAVITY DESIGN AND ELECTRIC FIELD STRENGTH CALCULATION A. MICROWAVE CAVITY DESIGN
A compressed rectangular cavity is designed through compressing the narrow side of a standard rectangular cavity, which has two dominant modes, TE 102 and TE 103 . TE 102 mode is used to produce microwave electric fields of different strengths through adjusting the power level of the stimulus signal and TE 103 mode detects the dielectric performance of the material by monitoring the transmission curves of the cavity. The two modes signals are coupled to the cavity individually. Fig. 1 shows the schematic of the dual-mode compressed rectangular cavity. By adjusting the length of the cavity, the TE 102 and TE 103 modes operate at the frequency around 2.45 GHz and 3.30 GHz respectively. The optimized cavity parameters are list as: L = 155 mm, width = 83.36 mm, height = 43.18 mm, d = 10 mm.
The compressed rectangular cavity is modeled in HFSS, as is shown in Fig. 2 . Apparently, the strongest electric field of TE 102 mode lies at L/4 and 3*L/4 of the cavity, while the strongest electric field of TE 103 mode lies at L/6, 3*L/6 and 5*L/6 of the cavity. Additionally, the compressed region has a stronger field strength than any other place in the cavity. With a proper design, a more than twice times stronger electric field is obtained at the compressed region, where we place the materials for testing. From Fig. 2 , if the stimulus signal is injected in through a probe at the L/4 of the cavity, both of the TE 102 and TE 103 mode will be excited. By adjusting the power level of the stimulus signal, the electric field strength around the compressed part can be changed. Nevertheless, the stimulus port should be in a good matching condition which let the power signal be injected into the cavity well. The reflection of stimulus port of the compressed rectangular cavity is measured and shown in Fig. 3 .
B. ELECTRIC FIELD STRENGTH CALCULATION THEORY
In the normal rectangular cavity, the electric fields for the TE 102 can be written as [25] , Where E 0 is the amplitude of the electric field, Z TE is wave impedance of the TE mode, η is the free space wave impedance.
Assume that there are only conductor loss in the cavity, the power of the loss can be expressed as follows:
Where R s = √ ω 0 µ 0 /2σ is the surface resistivity of the metallic wall, and Ht is the tangential magnetic field at the surface of the wall. Using (1) in (2) gives:
When the rectangular works at the resonant frequency ω 0 , the electric field energy W e is equal to the magnetic field energy W m ,
With the definition of the quality factor Q · P = ω · W and considering, that the power P inside the resonator is related to the stimulus power P in by P = (1 − 2 )·P in , where is the reflection coefficient at the resonator input, we obtain the expression for the maximum electric microwave field amplitude,
In the paper, we compress the height of the cavity at the one quarter of the wavelength place. Therefore the local electric field strength is increased greatly. According to the field distribution of the compressed cavity till meet the TE 102 mode. We estimate the field strength of the compressed cavity by means of energy conservation.
Since the perturbation is located where the electric field is strongest, the magnetic field energy is ignored here. According to the energy conservation, we get the following formula,
Thus, the electric field strength at the compressed place of the compressed cavity can be estimated by as follow,
Using equation (7), we can obtain the approximate electric field strength around the under testing materials.
III. EXPERIMENTAL SETUP
Based on the designed dual-mode compressed cavity, a physical model for studying the nonlinear interaction mechanism between microwave field and material is built up and shown in Fig. 4 . The VNA 1 supplies a narrow band signals whose center frequency is around the TE 102 mode and its power can be amplified by the amplifier continuously. The maximum output of the amplifier is about 53 dBm. The reflection between the VNA 1 and the amplifier is reduced by the two isolators. After being amplified, the stimulus signals are input into the compressed cavity through a probe, where presents a strong electric field. In order to ensure that the stimulus signal is input into the cavity, a directional coupler is used to extract the reflection signal. The reflection signal display on the VNA 1 by the transmission curve S21 and the power level of the stimulus signal that be input into the cavity (P in ) can be monitored by the the transmission curve S21. The testing signal is provided by the VNA 2, whose frequency is the same as that of the TE 103 mode. Through the two loops, the testing signal is input into and coupled out of the cavity for measuring the dielectric performance of the materials under test. In addition, a high isolation between the two modes of the cavity can be achieved by the two band-stop filters with a more than total 60 dB attenuation in the stop band. The utilized experimental setup is shown in Fig. 5 . In the experiment, a wide band signals with a very small power level (−40 dBm) is produced by VNA 1, firstly. The transmission curve is obtained on VNA 1. Search the minimum of the transmission curve of the VNA 1, and reset the output of the VNA 1 to a narrow band signal, whose center frequency is the minimum that we derived a moment ago. In this way, the energy of the stimulus signal is input into the cavity and TE 102 mode and TE 103 modes are excited. Meanwhile, the power level of the stimulus signals can be monitored at the same time.
IV. RESULTS AND DISCUSSION
In this paper, measurement is performed on InP, which is placed at the compressed part of the cavity. First of all, a low power level output signal (−40 dBm) with the working frequency derived according to the above method is given by the VNA 1. The transmission curve of the testing signal is obtained by the VNA 2, the black curve shown in Fig. 6 . Then, the output of the VNA 1 is adjusted to 0 dBm and the transmission is acquired immediately, the red one shown in Fig. 6 . The 0 dBm output power level of the VNA 1 is maintained for a few seconds. After that, change back the output power of the VNA 1 from 0 dBm to −40 dBm again, and the red transmission curve changes to the blue one right way as is shown in Fig. 6 . Fig. 6 distinctly illustrates that the resonant frequency has changed when the output power of the VNA 1 changes from −40 dBm to 0dBm. According to the cavity perturbation method [26] , the real part of the dielectric constant results in the shift of resonant frequency, while the imaginary part causes the variation of the Q of the cavity, as is presented in equation (8) and (9) . Therefore, the dielectric constant of InP is changed under the strong electric field. Furthermore, the blue curve is almost coincident with the black curve as depicted in Fig. 6 , when the output power changes back to −40 dBm. This means that the nonlinear behavior of InP is not dominated by microwave heating but some other material inherent characteristics.
Where ω 0 and ω are the angular resonant frequency before and after the perturbation, respectively. Q 0 and Q are the quality factor with and without the test sample, respectively. E and E 0 * are the electric field vectors inside the perturbing sample and the unperturbed cavity, respectively. W is the total store energy in the cavity. And ε , ε are the real and imaginary parts of the dielectric constant. In Fig. 7 , the three transmission curves are obtained under different strengths of microwave electric fields. The black one is obtained when the output of the VNA 1 is of −40 dBm. The red curve corresponds to the output of the VNA 1 is of −5 dBm, and the blue one is got when the output of the VNA 1 is of 0 dBm. It is easy to find that the dielectric property of the InP changes under those different microwave field strengths, even though the level of the changes is not the same. Additional observation has also been observed, the transmission curves remain stable when the microwave field strength did not exceed a critical value, however, after the microwave field strength exceeds the critical value, the nonlinearity appears and the nonlinear behavior becomes more and more drastic along with the further increasing field strength.
In the experiment, the InP sample is loaded in a quartz tube to make the test easily. Therefore, it is necessary to exclude the influence of the quartz tube before the test. Fig. 8 show the experimental results of the quartz tube. The black curve and the red curve are obtained when the output signal is of −40 dBm and 0 dBm, respectively. It can be see that the black curve is entirely coincident with the red curve. That is to say, the dielectric property keep the same under given microwave field strength. Therefore, the quartz tube has no effect on our measurement processing and the nonlinear behavior observed in the experiment about InP is caused by the interaction between InP and microwave field. To further investigate the nonlinearity of the InP, one more additional experiment is added. Firstly, set the VNA 1 output a wide band signal with a small power level (−40 dBm). Then, we can get the transmission curve S21 from the VNA 1 as is shown in Fig. 9 and it is actually the reflection of the stimulus signal. It is shown that only the narrow band frequency signal around 2.44 GHz is input into the cavity within one sweep time T. Search the minimum value of the transmission curve measured from the VNA 1, and reset the center frequency of the VNA1 to the frequency value corresponding to the minimum value of the previously searched transmission curve and the working bandwidth is 20 MHz. The sweep time T of the VNA 1 is set to 1.1s. In this way, the stimulus signal is similar to an impulse signals mode, and the time required to obtain a strong microwave electric field around the InP sample is much less than the sweep time T, eliminating the effect of the microwave thermal effects.
In order to monitor the dielectric property of the InP under different microwave electric field quickly, we only detect the resonant peak from VNA 2. Firstly, a wide band signals whose center frequency is around the resonant frequency of the mode TE 103 are supplied by the VNA 2 and the transmission curve S21 is obtained by VNA 2. Search the maximum value of the curve and reset the sweep frequency range from the maximum value (the resonant peak point) to the maximum value, namely point frequency sweeping. The sweep time is set to 2 T.
Finally, the test results of the InP sample are obtained as shown in Fig. 10 . Fig. 10 (a) and (b) shown the test results when the VNA 1 is working with a output power of −40 dBm, and −5 dBm, respectively. There are two special point (A and B) in Fig. 10 (b) , which means the resonant peak has changes when the given power signals (−5 dBm) is input into the cavity. That's to say, the real part of the dielectric constant of the InP sample has changed under different microwave field strengths. According to the sweep time of the both VNAs, the sweep time of VNA 2 is two times of VNA 1, we can conclude that the nonlinear behavior is not caused by microwave thermal effect, but some inherent characteristics of material itself. VOLUME 6, 2018
V. CONCLUSION
In this contribution, an experimental method and apparatus were introduced for investigating the interaction mechanism between microwave field and semiconductor material. During the experiment, some useful phenomena were obtained. Firstly, the dielectric property of InP changes under strong microwave field when the field strength exceeds a critical value. Secondly, the nonlinear dielectric is not dominated by the microwave heating but some other inherent property of the material itself. Thirdly, the speed of the appearance of the nonlinearity is related to the field strength. The stronger the microwave field strength is, the quicker the nonlinearity occurs. As far as we know, the nonlinearity is probably caused by a non-thermal microwave effects, which we think is associated with molecular polarizability. In addition, the experimental method and apparatus can also be employed to predict the consequences of non-thermal action of microwave effect of other high power microwave material under microwave filed. 
